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 ABSTRACT 
SLM MATERIALS DEVELOPMENT 
Justin Reiner & Michael Schembri 
The purpose of this project was to create a procedure to efficiently determine a “recipe” of 
parameter values that create a desired set of mechanical properties. Research was conducted into 
the laser powder bed fusion process with focus on underdeveloped materials. A design of 
experiment was used with a set of density correlated parameters to establish a method of 
producing nearly dense parts. Our methods include SLM printing, metrology, and statistical 
analysis. An experimental procedure for materials development was designed, but unable to be 
validated during the scope of this project, due to unforeseen safety issues (exposure to 
Chromium 6, a toxic substance). Next steps include validation of this procedure using various 
metal powders in a SLM 125 HL. 
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 I. Introduction 
Selective Laser Melting (SLM) is an additive manufacturing process used to melt metal powder 
using a powerful laser. Additive manufacturing, laser powder bed fusion specifically, has proven 
to be an efficient and economically viable form of rapid prototyping and manufacturing. Fairly 
recently, new materials have been tested on SLM outside of 316L Stainless Steel. This report 
will focus on research using Glenn Research Copper-84 as the case study for general materials 
development. Our objectives for a successful ‘recipe’ of parameters is to yield a part of 99% 
density within 4 builds of 16 parts each, to minimize warpage in bigger parts, and to determine 
the parameters that positively affect surface finish, dimensional accuracy, and durable 
mechanical properties. The recipe yielded by the experiment will also give values for optimizing 
residual stresses, porosity, and tensile strength.  
 
 
 
 
  
 II. Literature Review 
GRCop-84: A High-Temperature Copper Alloy for High-Heat-Flux Applications ​Glen 
research copper 84 was created to fulfill the need for a copper based alloy with multiple specific 
properties. These properties would be that the alloy needed to have excellent elevated 
temperature strength, good creep resistance, long low-cycle fatigue lives, as well as enhanced 
oxidation resistance. Copper alloys of this nature need to be produced using advanced production 
techniques (rapid solidification technology) due to the fact that Cr​2​Nb precipitates, causing it to 
grow to more than 1 cm in diameter during slow cooling. The specific rapid solidification 
technology used with this alloy with high success is conventional argon gas atomization. It was 
chosen for its large industrial base, low cost, production volume abilities, and high cooling rate. 
The alloy is also produced in fine powder forms, which can be used for extrusion and hot 
isostatic pressing. A finer powder is made for manufacturing methods such as vacuum plasma 
spraying, as well as additive manufacturing. After the raw metal is produced, it can be processed 
in many different traditional ways of forming, rolling, drawing, etc. The microstructure of the 
alloy shows a high volume of Cr​2​Nb, approximately 14% by volume. This intermetallic 
compound dispersion strengthens the copper matrix, giving the alloy its desirable properties that 
NASA seeks in the new generation of Main Combustion Chamber Liners.  
Comparison of GRCop-84 to Other Cu Alloys With High Thermal Conductivities 
GRCop-84 as a recently created copper alloy needs to prove itself against what was available at 
the time of its creation for production. It is often compared to: AMZIRC, GlidCop Al-15, 
Cu-1Cr-0.1Zr, Cu-0.9Cr, and NARloy-Z. The alloys were compared in a multiple of ways: 
tensile, compressive,  creep, thermal expansion, and with low cycle fatigue lives. The alloys 
were received in their respective production methods. GrCop-84  was extruded and HIPed, while 
the other alloys were produced in the form of hard drawn rods. The alloys all went through a 
brazing process meant to replicate the normal operation in the main combustion chamber liner. 
All of the alloys, except for GrCop, were stronger in tension and compression when less than 500 
degrees Celsius. After the simulated brazing operation, GRCop-84 and GlidCop Al -15 are 
stronger than all other alloys. After these alloys were brazed, they had higher temperature creep 
than the remaining alloys. The defining feature between GRCop-84 and GlidCop Al -15 is that 
GrCop-84 has better ductility and processing characteristics.  
Creep properties of an extruded copper–8% chromium–4% niobium alloy  
Creep resistance is an extremely useful mechanical property of materiale in many engineering 
applications. It is a defining property of GrCop-84 due to its fine grained copper matrix that 
contains particulate amounts of  Cr​2​Nb. GRCop-84 was made in two stages pre production and 
production. The production and pre production GRCop-84 were manufactured via extrusion and 
rolling. It was observed that the mechanical properties of the two stages rivaled each other 
producing no defining differences in testing. The microstructure of GRCop-84 is seen to 
 correlate to its creep properties. GRCop-84 show tensile ductility that exceeds of 10% true strain 
at creep temperatures as well exceeds 13% engineering strain at room temperature. These 
observations were show that GRCop-84 fails testing because of void growth and coalescence 
together with extensive creep crack growth and interlinkage. 
 
Improvement of GRCop-84 Through the Addition of Zirconium  
GRCop-84, an already impressive copper alloy, has a microstructure that contains Cr​2​Nb 
particles and a near pure copper matrix. This allows the copper to have its key properties of great 
creep resistance, low cycle fatigue life, and the ability to maintain these at high heats. It has been 
seen that adding zirconium to other copper alloys has helped to improve upon these alloys’ 
strengths. With Zirconium being added to GRCop-84, it will be tested in a multitude of ways to 
see how it compares to standard GRCop-84’s properties. the addition of Zr to GRCop-84 
produced increased the tensile strength at room temperature and 500 degrees celsius. It was also 
seen that the creep resistance was also positively affected at room and 500 degrees celsius. Low 
cycle fatigue life was not necessarily affected by the addition of Zr. In conclusion GRCop-84 can 
benefit from the addition of Zr and its effects should be realized. 
  
Economics of additive manufacturing for end-usable metal parts  
Additive manufacturing allows there to be a completely different set rules for when designing 
parts, when compared to traditional (non-AM) methods. This is addressed with design for 
manufacturing (DFM) rules for additive manufacturing. Due to its unique capabilities, AM 
processes allow the​ ​design of undercuts in parts as well as the ability for varying wall thickness 
in parts. This allows for parts of extreme complexity to be able to be produced. Also, the use of 
support structures during the building, several parts can be integrated into each other allowing 
them to be built in one operation. Comparing the costs of manufacturing between a complex part 
made with high pressure die casting and one made with selective laser sintering, the additive 
manufactured part will cost less. Also, with selective laser sintering, the three part assembly can 
be made as one part, functioning just as well or even better due to the part being lighter in 
weight. As well, the cost analysis proving that unless the manufacturer were producing more 
than 50 parts, using AM costs less than using specialty traditional manufacturing.  
 
Environmental and Economic Implications of Distributed Additive Manufacturing
Additive manufacturing  has enabled manufacturers to create parts with superior engineering 
functionality as well as greatly speeding up supply chains, and creating parts that are sustainable 
in many ways. by the use of an integrate techno economic model to estimate the effects that AM 
has on lead time, life cycle, costs comparison against injection molding, and effects on 
greenhouse gases. the results of this estimate show that there was a potential savings on lead time 
between 12-60%, a 70-80% saving on downtime, a 3-5% saving on overall energy usage, 4-7% 
saving on amount of GHG emissions, and most importantly a 15-35% saving on cost compared 
 to injection molding. All these results were done as a direct comparison to one million cycles of 
injection molding. 
Economic implications of 3D printing: Market structure models in light of additive 
manufacturing revisited  
Additive manufacturing is bringing a spark to manufacturing as a whole. making it so parts that 
were too complex to be manufactured traditionally can manufactured by AM. Thus allowing 
creativity to burst out of the seams and new products and inventions to be made. As well it 
allows part to be made much more economically because of no need for specialty tooling. AM 
adds value for producers and customers in the way that it can be used for for prototyping so that 
cost of product development can be greatly reduced. AM adds a significant amount of value to 
manufacturing because it can offer customization without extreme effects on cost. As well AM 
can greatly reduce the costs of assembly steps in manufacturing because of the ability to create 
integrated parts that would previously require an assembly step. All of these and more 
advantages show the advantages of additive manufacturing and the value that it will add when it 
is fully integrated in the future.  
 
Tools for Sustainable Product Design: Additive Manufacturing  
The creation  of additive manufacturing and its recent gain of popularity have created a new 
alleyway for designers and manufactures that have helped to extend parts sustainability. It can be 
seen this way in that a part that is designed and manufactured very well could create desirability 
and pleasure and create an attachment to a well designed item. This really ties to additive 
manufacturing because it can be customizable in mass because of no need to create tooling to 
customize parts. This directly correlates to sustainability because a part that is customized for a 
customer they are more likely to keep for an extended period of time. Another factor of 
sustainability for AM is the freedom of design because AM essentially eliminates all restrictions 
of traditional manufacturing technology and complex parts can be produced much more 
economically. 
 
The Influence of Selective Laser Melting Parameters on Density and Mechanical Properties 
of AlSi10Mg  
Aluminum silicon alloys are a very high strength aluminum alloy. They are very light and have 
great corrosion resistance, making them a desirable metal to make parts across multiple 
industries. Also, this makes it desirable for the parts to be produced using additive 
manufacturing, since it allows complex geometries to be produced. The parameters used to 
develop this material on the SLM machine are those of: Laser Power, Scanning speed, and 
hatching distance. These parameters were changed in a row matrix format of test blocks 
changing one parameter per row. It was found that these parameters had effects on the density of 
 the cubes. The parameter that had the best density percentages was scan speed when it was 
varied. 
 
The Effects of Processing Parameters on Defect Regularity in Ti-6Al-4V Parts Fabricated 
By Selective Laser Melting and Electron Beam Melting  
In laser powder bed additive manufacturing two technologies that are being used to successfully 
manufacture parts of metallic material. These technologies are that of electron beam melting 
(EBM) and selective laser melting(SLM). A SLM machine will use a fiber laser to selectively 
melt very thin layers of powder that will form a solid part. the EBM machine is similar to this but 
instead of a fiber laser it uses an electron beam generated via a a tungsten filament. The two 
technologies were compared by adjusting defined parameters with Ti-6Al-4V. The parameters 
that were adjusted with SLM were laser power(W) and scanning speed. The parameters that were 
changed with EBM were those of: max current, line offset, focus offset, and the speed function 
index. It is seen that the the adjustment of these parameters affects how much energy is in the 
build. It was seen that the energy density in the build did not correlate to porosity in builds. The 
marginal parameters are what are responsible for defect generation. For example in the SLM 
process splashed particles are welded out of position and the recoater breaks these off creating 
porosities. 
 
Printing of CuCrZr Parts 
Laser powder bed fusion has been successfully used to print dense parts with CuCrZr. “Using 
remelting at a layer-thickness of 20 μm, a maximum laser-power of 370W and 300 mms​-1​ scan 
speed a bulk density of 99.96% can be attained.” (Buchmayr). Buchmayr ​et al​ found that parts 
that underwent remelting had significantly higher density than those that did not. However, 
99.1% +-1% density was still achievable with a single melt scan pattern. Layer thickness has to 
be adjusted to the melt pool depth to ensure proper bonding and high density. Heat treatment 
post print is needed to increase thermal conductivity and hardness.  
 
Categories of Part Defects from LPBF Process 
Porosity is a critical defect in metal AM parts as it severely affects the fatigue performance of the 
part. Porosity appears as voids that can appear within a layer, between layers, or on the surface of 
the part.  
 
Residual stresses result from the thermal gradient that is created by the movement of the laser 
and the cool-down phase of layers. Residual stresses can result in delamination or cracks. Cracks 
occur when the cooling layer pulls on the layer below with more force than the ultimate tensile 
strength of the material. Delamination is a special case where the cracking propagates between 
adjacent layers of the build. When the molten material solidifies into individual balls rather than 
 into a continuous layer, it is referred to as melt ball formation, or balling. Surface tension is 
behind this phenomenon, as is prevents the molten material from wetting to the layer below.  
 
Geometric defects and dimensional inaccuracies most commonly appear as shrinkage and 
warping. A particular combination of shrinkage and warping called curling affects downward 
faces meant to be flat by yielding a curved profile. Another severe defect is super-elevated edges. 
This occurs at the edges of the part and results in deterioration of the surface and dimensional 
accuracy of the part.  
 
Surface defects mainly occur due to the layer-by-layer nature of the selective laser melting 
process. The surface finish is dependent on build orientation, upward and downward faces have 
considerably better surface finish than the side faces. Surface defects can also be caused balling 
or porosity.  
 
Microstructural inhomogeneities arise due to the highly localized heat input of either the laser or 
the electron beam. Microstructural inhomogeneities have detrimental effects on the mechanical 
and functional performance of an AM part. Types of  inhomogeneities include impurities, grain 
size characteristics and crystallographic textures. These defects often occur due to metal powder 
contamination or the presence of unmelted metal powder in the finished part.  
 
In-Situ Monitoring of LPBF Process 
Process phenomena such as spatter, plume formation, laser modulation, and melt-pool 
oscillations require data collection to occur at rates of 10 kHz or higher. This limits the real time 
monitoring and feedback systems that can be used.  
 
Four single point sensors were experimented on as synchronized in-situ data acquisition devices, 
a thermal camera, a high speed visible camera, a photodiode, and laser modulation signal. The 
thermal camera provides temperature data, the visible camera provides spatter data, the 
photodiode signal was analyzed using joint-time frequency analysis. The images are woven 
together to allow for visual comparison of phenomena from the photodiode signal with the 
images from the cameras. 
 
The experiment identified a strong relationship between photodetector signal and the location 
and motion of the melt pool. Two hypothesis were generated from the results of this experiment, 
“signal content is increased by the existence of spatter particle reflections on a solidified surface, 
and overall signal increases when the melt pool nears the overhang due to likely increases in melt 
pool size, temperature, and spatter frequency, and this effect is a greater contributor to overall 
signal levels.” (Lane). 
 
 Modelling and Simulation of LPBF Process 
With the increasing use of AM, there is an increased need to create accurate models and 
simulations of the LPBF process. A modelling strategy would serve as the foundation for process 
control and part qualification. Lawrence Livermore Laboratories has presented a multiscale 
strategy for modelling this process, starting at the powder level simulating laser movement and 
provides powder bed and melt pool data. A second model computationally builds the complete 
part to predict properties such as residual stress and dimensional accuracy. Data mining methods 
attached to both of these models to optimize the AM process. The effective medium model, as 
LLL calls it, demonstrated a strategy for mitigation of dross formation on overhang features, as 
well as accurately predict residual stresses in a 6 cm tall prism part. Simulation was uniquely 
useful in narrowing the range of parameters to be investigated with experimentation. This 
ultimately reduces experimental costs through reduction of trials needed. An unintended 
byproduct of this simulation experiment was the agreement with a previous observation that the 
range of speeds over which near full density is obtained widens with the increase of laser power.  
 
SLM for Magnetic Materials 
A study was conducted by the National Cheng Kung University to see which SLM process 
parameters have the largest effect on the magnetic properties of the part by analyzing the 
magnitude of the magnetic properties in comparison with process parameters. The study found 
that for a powder that is 33.78um and shaped spherically, efficiency is maximized when laser 
power is 170W and scan speed is 950 nm/s. Oxygen content in the chamber should be kept 
below 5%.  With these parameters, it was found that the magnetic property of a sintered ring of 
FeSiCr alloy is better than traditional silicon steel.  
 
Multi-Structured Ti-6Al-7Nb Implants 
The purpose of the study was to present how customized implants could be made with specific 
porosity by setting different values of laser power on the SLM machine. For implants, a 
significant amount of porosity is required for the material to mirror the properties of bone. Using 
laser powers ranging from 50 to 200 W, the studies found that structures had an open porosity 
ranging from 24.81% to 0.83%. Pore size range varied from 70-100μm to 200-400μm. The larger 
values facilitate tissue perpetration throughout the implant. For low laser powers, the Young’s 
moduli of the material matches that of surrounding bone. By surrounding the prosthesis in a layer 
of porous material, bone growth is facilitated. Beyond the possibilities for prosthetics and 
implants, this study presents the a strategy for varying the parameter laser power in different 
areas of the build to produce desired properties in respective areas of the part.  
 
Review of selective laser melting: Materials and applications 
Selective laser melting is an additive manufacturing (AM) process that uses a high power density 
laser or beam to selectively melt and fuse metallic powder within and between layers. This 
 technique is capable of producing near net shape parts with 99.9% density. The further 
development of AM technology will continue to make this technique economically viable. 
Further development has also allowed this process to be used on more materials, such as copper, 
aluminum, and tungsten. Research is currently trending towards the use of SLM for ceramics and 
composite materials.  
 
An Integrated Cost-Model for Selective Laser Melting 
Due to the increased integration of AM processes into production environments, Rickenbacher 
developed a cost model capable of calculating costs for each part on a mixed job build plate 
while also including all pre- and post-processing steps. The model is adapted from the generic 
cost model of Alexander ​et al.​ The study found that simultaneously building multiple parts cost 
can be reduced by an average of 41% due to the reduction of setup time and the increase in 
throughput. The models cost algorithms enables precise determination of total cost per part even 
with extremely complex part geometries. This allows parts to be pooled across jobs, while 
maintaining cost accuracy. This allows for better optimization of build volume by suggesting 
aggregating parts of similar heights on the same build plate.  
 
Selective Laser Melting of Copper Using Ultrashort Laser Pulses 
The application of ultrashort pulse lasers for SLM is a recent trend. These systems provide high 
peak power and the potential to control the thermal impact in the vicinity of the processed region 
by adjusting the pulse repetition rate. The application of this system is useful for materials with 
extremely high melting points such as tungsten or special composites. A parameter study was 
conducted by Kaden ​et al​ using an ultrashort pulse laser on copper. The thermal conductivity of 
copper poses a great challenge in using the material in AM when resolutions below a 
micrometer. The study found that heat accumulation from the using high pulse repetition rates is 
able to melt the powder before the heat can dissipate into the bulk material. The focal spot size 
also has a significant impact on the melt pool. Using ultrashort pulse lasers narrows the active 
heating zone enabling for the fabrication of intricate 3D geometries that could be useful in 
microelectronic applications. However, the small focal spot leads to higher porosity, therefore if 
density is key, a larger focal spot size should be utilized. Scan speed can be increased only so far 
as the available laser power can be provided. Using ultrashort pulse-induced melting, solid 
cuboids and thin-wall structures with thicknesses of 100μm could be produced. These parts have 
high porosity due to the fact that the size of the grains of powder are comparable to the focal spot 
size (35μm). 
 
Modeling the Temperature Fields of Copper Powder Melting in the Process of Selective 
Laser Melting 
A model of the temperature fields was created and used to reduce the defect of excess melted 
particles on the lateral faces of the scanning area. By analyzing the temperature field during each 
stage of the scan, optimization of the pattern could be achieved to minimize the heat transferred 
to material outside of the scanning area. The study proposes that extended surfaces be divided 
into sub-areas and scanned separately to let the powder outside the scan area cool. Alternating 
 the direction of the can in each sub-area is also recommended. This technique aids the surface 
finish of the lateral faces of a SLM produced part. 
 
MSDS Chromium (VI) Oxide 
The sintering process that occurs inside the SLM produces a byproduct called Hexavalent 
Chromium, also known as Chromium VI, or Chromium 6. Human exposure to Chromium 6 is 
extremely detrimental to health. Chronic exposure is known to cause lung and gastrointestinal 
cancer as well as heritable genetic damage. Exposure can occur via inhalation of mists, dusts or 
fumes containing Chromium 6, or via contact with skin or eyes. Immediate effects of inhalation 
are severe irritation of the respiratory tract which could result in burning pain, coughing, 
shortness of breath, and pulmonary edema. Inhalation exposure can be fatal as a result of spasms. 
Prolonged exposure may result in systematic effects. Skin readily absorbs Chromium 6 and 
results in burns, skin sensitization, rash, deep ulcers. Contact with eyes will cause severe eye 
burns and may cause permanent corneal damage or other irreversible eye damage. Chromium 6 
is also extremely toxic to aquatic animals and could cause long-term adverse effects in aquatic 
environments. 
 
OSHA Chromium (VI) Oxide 
Chromium 6 is any form or compound containing chromium with a positive six valence. The 
main form of exposure to Cr(VI) is from inhalation of airborne particles of Cr(VI). The 
permissible exposure limit (PEL) is 5 micrograms per cubic meter of air, which is determined as 
an 8-hour time-weighted average (TWA). Half of the permissible exposure limit indicates the 
‘action level.’ The calculation of this 8-hour TWA is required by OSHA for each employee 
exposed to Cr(VI), using an adequate number of personal breathing zone samples to accurately 
determine exposure per person, on each shift, in each work area.  
 
If initial monitoring indicates an exposure level below action level, monitoring may end if an 
independent test confirms the adequately low exposure level. If initial monitoring shows 
exposure levels above the action level, employers are required to monitor exposure levels every 
six months. If exposure levels are above the PEL, monitoring must occur quarterly. Periodic 
monitoring must occur whenever there is a change to process, material, personnel, or equipment. 
Employers must individually notify affected employees within fifteen work days of learning 
about exposure, or post results in a communal area accessible to all affected employees. If results 
are above PEL, a written notice of corrective action taken to reduce exposure to or below PEL 
must be given to employee.  
 
An employer must establish and mark a regulated area wherever exposure to Cr(VI) can 
reasonably be expected to be found. Only employees with the proper training and work duties 
requiring access should be permitted to utilize theses areas. Employer must provide, at no cost to 
employee, necessary respiratory protection during periods necessary to installing feasible 
engineering work practice controls, during the maintenance or repair of said work practices, or 
where all feasible work practices are not sufficient in reducing exposure levels below the PEL. 
Wherever respirator use is required, an appropriate respiratory protection program must be 
implemented by the employer. If other forms of exposure are likely to be present, employer must 
provide, at no cost to employee, all necessary personal protective equipment and ensure that it is 
 used. All personal protective equipment must be stored in a change room which assures no cross 
contamination with street clothes. This equipment must be cleaned, maintained, and disposed of 
by the employer. Any cleaning methods that disperse Cr(VI) into the air are prohibited.  
 
Disposal of Cr(VI) must be done in a sealed, impermeable containers and labeled in accordance 
to requirements set by the Hazard Communication Standard.  
 
Employers must assure that employees can demonstrate knowledge of OSHA regulations and 
medical surveillance program procedures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 III. Design  
The information provided in this section is the design for a materials development experiment on 
a SLM 125 HL machine. The information is primarily based on a example using a undeveloped 
copper alloy--Glen Research Copper 84. This aspect of design is interchangeable with any 
material to be developed on a SLM machine. 
Our project is limited by a few machine-related aspects. Firstly, because of the size of our 
machine (SLM 125 HL), we are limited to a build size 125 x 125 x 75 mm. We are also limited 
by the machine single fiber laser we can only use one type of scan pattern. Our machine uses a 
stripe pattern, as opposed to bigger machines that have more lasers allowing for them to print 
with a “checkerboard” pattern. 
What we are first going to be testing is if we will be able to achieve 99% density with the 
GRCop 84 alloy. On one build plate, we will be printing multiple “density cubes.”. Also, we will 
be able to test different parameters on each density cube on the plate. Then, a fractional factorial 
D.O.E will test the different parameters’ effects on the print density. The parameters to be tested 
are as follows: 
● Scan speed 
● Gas flow 
● Laser power 
● Pattern size 
● Filter length 
● Hatch Pattern  
● Hatch distance  
● Part orientation on build plate 
 
Scan speed determines the speed of vectors in mm/s. Changing this parameter could lead to two 
negative results: one is that the scan speed would be too slow, accumulating too much heat at 
points causing warpage of part or heat affected zones. The other is that if the  scan speed is too 
fast, there could be areas where powder is not fully melted, which could then not achieve the 
density goal.  
 
Gas Flow is changed in the way of the angle it is oriented. Looking at the chamber of the SLM 
from the front, the gas will flow from left to right of the chamber. To change the angle of the gas 
flow, it must be specifically enabled in the Magics software. The angle will rotate the gas flow 
clockwise, which will change the direction that build and scanning orders are processed because 
they will be directed against the flow of the gas. 
 
Laser power (Watts) effectively controls the material melt temperature. This will then influence 
the quality of our builds directly, in the sense that if the laser is at too high of a power, it will 
warp and possibly destroy the part. Though at too low of a temperature, the build will not be 
processed all the way, leaving material not bonded and porosities in the part. 
 
Pattern size refers to the maximum length that the pattern can be. This also refers to the specific 
 STL vector lengths that are made into hatch lines on the part, and therefore the path that the laser 
will take. Pattern size will affect the accuracy of our parts, because a smaller pattern size could 
help to create much more accurate parts. Filter length is a filter that will eliminate vectors that 
are too short on parts, such that small features on parts will not get destroyed. 
 
Hatch pattern is the determined offset vector that are used to fill the inner areas of parts. There 
are a few ways that the hatch pattern can be modified: the first way is with the hatch distance. 
This is the distance that the vectors are offset from each other. A second way is that the hatch 
pattern can be rotated. These two parameters, when adjusted, will aid in reaching our density 
objective. 
  
We will place the geometrically similar parts (density cubes) (Figure 3-2). on the build plate in a 
row and column format. We will be able to test different parameters in the rows. and the values 
that we plan to test them at along the column. For example, in the SLM user manual, in the 
material development section, there is an example of this method (Figure 3-1). All parameters 
other than the one being tested will remain the same. There are many other parameters as far as 
part orientation that we can change. Changing the distance between the parts, which includes 
both the distance between the rows and the columns, can be beneficial in isolating the different 
parameter tests from each other. We can also change the line pulling, which effectively shifts 
each row and can help to distribute heat on the build plate, isolating our samples even more. 
Next is our angle of rotation: this allow us to rotate the matrix of parts on the build plate, which 
is another way that we can distribute the build plate heat. Lastly we can change the border width 
in the part orientation, which effectively helps to create a safety zone around the matrix. 
 
Once we achieve our objective of 99% density we will move on to our other tests we will move 
to porosity. Porosity will be tested using the radio knobs (Figure 3-3). The method for testing 
porosity will be similar to the testing of the density cubes. The radio knobs are meant to mainly 
test if the changes of workpiece diameter have an effect on porosity. We will be using our best 
recipes from the density cubes to carry out this test. Our methods for inspecting the porosity will 
be further discussed in the methods section. 
After porosity and density testing have been completed, we will work on the tensile bars. Due to 
our machine restriction of build, we are limited to the size tensile specimens we can use. Keeping 
this in mind we, will be using the standard size ASTM E8 subsize tensile specimens (Figure 3-4). 
Using our best defined recipes we will print these specimens in two different ways. One has bars 
being printed perpendicular to the plate, and the other will be parallel to the plate. This could 
result in a potential difference in the tensile strength of the specimens. It would then show us 
parts that are heavily reliant on tensile strength need to be printed in a certain orientation.  
Another part that we will be producing to further validate our design is the klino cube (Figure 
3-5). The klino cube’s purpose is to test complex geometry. We will be measuring multiple 
aspects of the klino cube for dimensional accuracies, including surface roughness in multiple 
places on the cube. The klino cube’s base dimensions are roughly 2.5 x 5 x 2.5 cm. A more 
detailed breakdown of the dimensions will be given in the methods section. 
  
The final validation of our recipe will be the residual stress comb (Figure 3-6). Its purpose is to 
show if our recipe leaves any stresses within our parts. If the comb has any internal residual 
stresses, it will either pull away from the support material, bend, or break. It will over heat in 
certain places, causing visible warpage. If any of these issues occur we will have to further refine 
our recipe. 
 
 
 
 
 
 
 
 
 
 
 
  
 IV. Methodology 
To explain our testing methods, we will use data that we have found on Glen Research copper 
84. This can serve as a case study that can be used as a reference to test any material that will be 
developed on an SLM. 
We will be testing the density of cubes by comparing their experimental masses to theoretical 
masses. Also, we will be completing a visual inspection of the part. NASA Aerospace Structural 
Materials Handbook Supplement GRCop-84 states the room temperature density of GRCop-84 
with a 95% confidence interval is 8.62 +/- 0.08 g/cm​3​.  We will produce 5 mm cubes so our 
theoretical mass will range between 106.75 and 108.75 g. To visually inspect the parts, we will 
cut them in half and under magnification, look for voids and other defects. This would indicate 
why we may have not achieved our density objective. The porosity testing with the radio knobs 
will be done by cutting radio knobs in half and inspecting them under magnification to see if 
there are porosities 
 
The testing of tensile specimens will be done using an Instron 5969 in the Cal Poly Aerospace 
structures lab. Since there will be parts produced in two orientations on the build plate we will be 
comparing multiple samples of each orientation to see if this has an effect on the tensile strength. 
Tensile strength will be compared to extruded GRCop-84 data (Figure 4-2) courtesy of the 
NASA Aerospace Structural Materials Handbook Supplement GRCop-84. The klino cube 
surface roughness is expected to be in the 10-30 micron range on the top surface primarily. We 
will measure multiple features on the Klinocube all dimensions to be measured are shown in the 
klinocube drawing, these can be seen in (Figure 4-1).  The residual stress comb will be mainly 
inspected visually. As it will be printed with our best recipes and upon it cooling if it has pulled 
away from the build plate or fractured in any places it will be indicative of residual stresses.  
 
 
 
 
 
 
 
 
 
 
 
 
 V. Results 
 
Materials Development 
I. Full Factorial design 
To start a materials development on any material the first step is to create a full factorial design 
with the three parameters that are the most correlated with density: scan speed, laser power, and 
hatch distance. These parameters will be varied between a low and a high setting creating 16 
parts. As seen in Figure 5-1 these parameters were chosen for 316 Stainless steel, but can be 
changed for any application. The power density is also included in Figure 5-1, which shows the 
correlation of parameters to each other. Samples that have the same power density will most 
likely have the same actual density. These values will be applied to 16 density cubes on a build 
plate and printed. 
 
II. Collect Data
After the parts have been printed and post-processed (removed from build plate and polished), 
the parts will be weighed and measured. this mass and volume is to  be recorded and to find 
density. 
III. Analysis of Data 
Once density has been collected, an analysis using a statistical software (JMP, minitab, etc.) will 
be conducted and the parameters that correlate the most to density will be identified. These 
parameters will then be recorded for the next step. 
IV. Incremental Experiment
After the analysis is completed, the next step is to do an incremental experiment with the 
density cubes. The factor that is the most correlated to density will be varied incrementally from 
the low to high value in the full factorial experiment, while other parameters are held constant 
(Figure 5-2). 
V. Analyze Final Results 
Post processing and inspection are then conducted on the incremental experiment’s density 
cubes. The cube with the highest density will be selected for the recipe.  
VI. Manufacture Additional Parts/Testing of Parts
Using the recipe determined during the incremental experiment, radio knobs, tensile specimens, 
klinocubes, and residual strength combs will be produced. See ​Methods​ section for testing 
protocol on these parts. 
 
 Safety Results 
Due to Environmental Health and Safety (EH&S) findings, Cal Poly is currently unable to utilize 
the SLM printers. After speaking with industry experts at the University of Louisville, we have 
learned that the following personal protective equipment (PPE) must be purchased: ESD lab 
coat, ESD boots, nitrile gloves, particle size counter, PAPR full face respirator system, totalling 
about $2000.  
Beside PPE, dedicated post-processing equipment is necessary, as Chromium 6 is present in the 
part and build plate. The post-processing equipment needed include: bandsaw, grinder/sander, 
shop vacuum, and carboys for coolant, totalling about $2600. This equipment must be stored 
with the SLM printers, or in a room that is monitored for Chromium 6 concentration in 
compliance with OSHA standards (see OSHA standard number 1910.1126).  
New post-processing procedures must be developed for the tasks of part removal from build 
plate and coolant disposal. The coolant from the bandsaw contains high concentrations of 
Chromium 6, which is also extremely toxic to aquatic environments. Proper disposal using 
sealed carboys is needed to ensure the safety of the operators and the environment. The dust 
from grinding or sanding must be cleaned in a way that does not make the dust aerosolized. 
Only individuals who have completed the appropriate training may have access to the SLM 
printers. Professors and lab supervisors are to attend an additive manufacturing metal powder 
safe training at the University of Louisville this summer. Training may be offered to select 
students at staff discretion.  
Economic Results 
For our economic analysis, we chose a copper nozzle ( Figures 5-1 and 5-2). It can be machined 
using a CNC lathe and CNC mill, thus we are comparing the cost of machining the nozzle versus 
the cost of using SLM to build it. 
We began by calculating the cost per part of both alternatives. It takes significantly less time to 
produce a part via CNC machining. However, a CNC operator costs more per hour and is 
required to monitor the entire length of the process. Very little monitoring of the SLM process is 
required, meaning that it is not necessary to pay an operator for the entire length of the build. 
Cost per part was calculated using DFM Concurrent Costing 2.4, and  by using expert 
estimations of SLM build time. The cost per part of the CNC process was $608.01, and $146.50 
for the SLM. Due to the labor difference, we found that using the SLM was $461.51 less per part 
than CNC machining. 
The initial investment for a SLM printer is around $300,000 while for both a CNC mill and CNC 
lathe is around $150,000. The CNC process also produces parts faster than the SLM, 1.25 parts 
per shift vs 1 part per shift from the SLM (assuming an eight hour shift per day, and 80% factory 
 utilization). However, due to the drastic difference in cost per part, the SLM process is the better 
investment. Assuming sale cost of $750 per nozzle, we analyzed both processes and found their 
internal rate of return and net present value after five years, assuming a 10% discount rate. 
 Internal Rate of 
Return (IRR) 
Net Present Value 
(NPV) 
Payback period 
SLM 38.96% $249,057.56 2.07 
CNC Machining 13.473% $161,476.15 3.47 
Table 5-1:​ Economic comparison of CNC and SLM processes 
The above calculation results (Table 5-1) show that while the SLM has a significantly higher 
initial investment, the lower cost per part means that the IRR and NPV of the SLM is higher after 
five years of operation. The payback period is also a year shorter than the CNC machining 
alternative. 
  
 VI. Discussion 
Our project faced significant delays because of safety issues surrounding the SLM printers. Use 
of these printers was prohibited due to EH&S concerns. These delays forced us to change the 
scope of our project away from a specific metal powder, towards a more general materials 
development design. 
These safety concerns also prevented the completion of a contract with a company sponsor that 
was to provide Glenn Research Copper-84 powder for testing purposes. 
The lack of GRCop-84 powder and use of the SLM printers meant that we had to consider 
alternative designs. Before use of the SLM was prohibited, we considered using a generic 
material instead of GRCop-84. After the SLMs were shut down, we designed a materials 
development process that can be applied to any metal powder in an SLM. 
Once Cal Poly acquires the necessary equipment and procedures, use of the SLM can resume. To 
continue this project, metal powders should be acquired so the procedure can be validated. 
 
  
 VII. Conclusions 
Overall, the materials development module provided by SLM was not sufficient for production 
use. Because of unforeseen safety issues considering Chromium 6 in the SLM, we were not able 
to test parameters to determine a full parameters recipe. A materials development procedure with 
an experimental design is needed to establish a recipe of parameter values for each metal powder 
in production. With aid from research and expert advice, we developed a theoretical materials 
development module encompassing the following: 
- A procedure that could generate a combination of parameter values that yield parts of 
99% density or greater within 64 parts or 4 builds total. 
- Testing methodology to fine tune parameters that affect warpage, surface finish, 
dimensional accuracy, and residual stresses. 
- Evidence of the SLM process economic viability. 
- Proof of importance of dedicated safety equipment and training for the SLM process. 
Due to the safety concerns discussed, validation of the procedure was not moved past the 
theoretical state. Thus, the next step to complete this project is validation of the procedure. This 
can be accomplished as soon as the necessary safety equipment is purchased and procedures are 
put into place.  
  
 Appendix A. ​Figures 
Figure 3-1 ​Density cube row matrix format 
Figure 3-2 ​Density cube  
 
 
 
 
 
  
Figure 3-3 ​Radio knob 
Figure 3-4 ​ASTM E8 sub-size tensile specimen  
 
 
  
Figure 3-5​ Klinocube​ ​Model 
 
Figure 3-6 ​Residual stress comb 
 
   
Figure 4-1 ​Klinocube drawing  
  
 Figure 4-2 ​NASA Aerospace Structural Materials Handbook Supplement GRCop-84 
          extruded tensile strength section 
 
 
 
 
 
 
 
  
Figure 5-1 ​Full factorial experiment design 
 
 
Figure 5-2 ​incremental experiment design  
  
 
Figure 5-3 ​Copper nozzle for economic analysis 
 
Figure 5-4 ​Section view of copper nozzle 
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